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INTRODUCTION 30 31
Rigorous emission guidelines in many countries have motivated fuel and engine researchers to explore 32 sustainable and cleaner fuels. Oxygenated fuels play an important role to reduce diesel emissions especially 33 diesel soot and PM emissions [1] [2] [3] [4] . Kurtz et al. [5] reported 91% to 97% reductions in PM emissions with 34 oxygenated fuels. Miyamoto et al. [6] reported significant reductions in diesel emissions with oxygenated fuels 35 and they also reported that the reductions entirely depended on oxygen content in the fuel. Imdadul et al. [7] 36 did engine experiment fuelling with alcohol-biodiesel-diesel blends. The majority of the emissions were 37 reported lower except NO emissions. Khiari et al. [8] conducted experiments with a pistacia lentiscus biodiesel 38 having 9.9% oxygen. The authors reported significant reductions in CO, THC and particulates at higher engine 39 loads, however, higher NOx emissions were reported with the same biodiesel. Fueling an engine with neat 40 biodiesel fuels from marine microalga Chlorella variabilis and wasteland-compatible Jatropha curcas leads 41 to significant reductions in major diesel emissions include CO, THC and PM emissions compared to diesel, 42 but higher NOx emissions were reported [9] . Hoque et al. [10] produced biodiesels from low-cost feedstocks 43 including used cooking oil and animal fat by the well-known transesterification process. Glycerol is a by-44 product of during biodiesel production and can be considered one of the promising low-cost feedstocks for 45 producing a wide range of chemicals [11] . Triacetin, a derivative of glycerol is considered to be a good bio- The triacetin is considered to be a cost-effective additive as it is derived from transesterified by-product crude 53 glycerol. The tested triacetin was in the pure (99%) form. The authors conducted a miscibility test with triacetin 54 and waste cooking biodiesel and found no phase separation after 96 hours. Melero et al. [15] tested several 55 fuel properties of different triacetin-biodiesel blends. Adding 10% triacetin to biodiesel most of the properties 56 were within biodiesel standard limit. After a careful consideration of engine life, the blending percentage in 57 the current investigation was limited to 10 and based on the different properties of a 10% blend, the authors 58 believe that 10% blend will not be harmful to a diesel engine's life. Moreover, in the present investigation, the 59 tested triacetin contains 99% ester composition.
60
Diesel engine performance and exhaust emissions with triacetin have been conducted by some researchers.
61
The majority of the published reports showed engine emissions including smoke, unburnt hydrocarbon 62 (UBHC), carbon monoxide, carbon dioxide and oxides of nitrogen (NOx) emissions. However, an exhaustive 63 search in the literature review revealed that the influence of triacetin-waste cooking biodiesel on engine 64 performance and emissions particularly on particle mass and number emissions have not been investigated so 65 far. The target of this investigation was to effectively utilise triacetin as an additive for waste cooking biodiesel 66 and suppress emissions without deteriorating engine performance. 
MATERIAL AND METHODS

69
Test engine and fuels
70
All experimental measurements were conducted with a fully instrumented 6-cylinder turbocharged common 71 rail diesel engine with a compression ratio of 17.3. The engine specifications are listed in Table 1 . Figure 1   72 shows the schematic diagram of the experimental setup while Figure 2 shows a photographic image of the test 73 engine. The raw exhaust gas was diluted in a partial flow dilution tunnel. The diluted exhaust gas was directed 74 to a fast aerosol mobility spectrometer DMS500 (Cambustion Ltd.), a SABLE CA-10 CO2 analyser and a 75 DustTrak (TSI 8530). The raw exhaust was sent to a CAI 600 series CLD NOx analyser and a CAI 600 series 76 CO2 analyser. The dilution ratio was calculated based on the raw and diluted exhaust. Details of engine 77 particulars and gas sampling can be found in Rahman et al. [16] . The dilution ratio was calculated with the raw 78 and diluted CO2 data and was varied from 2 to 25 for 13-mode ESC operation. In accordance with ESC 13-79 mode protocol, the engine was run for 13 different modes with a specific time for the individual mode. For an 80 ESC-13-mode, exhaust gaseous emissions were measured and appropriately weighted by the required 81 weighting factor. The detail of the operation for each mode is shown in Figure 2 and Table 3 . Oxygenated 82 blends were formulated in such a way so that the oxygen in the blends was in the range of 6.02-14.23%. Due 83 to the solubility issue of triacetin to waste cooking biodiesel, a maximum of 10% triacetin was added to the 84 waste cooking biodiesel. No phase separation was noticed in any of the blends even after 96 hours. Some 85 important properties of the test fuels are given in Table 2 . For detailed information regarding fuel properties 86 in Table 2 , readers are referred to publications [17, 18] . In Table 2 , the notation D100 indicates 100% diesel 87 (neat diesel); D60B35T5 denotes diesel 60%, biodiesel (waste cooking) 35% and triacetin 5%; B100 stands 88 for biodiesel 100% (neat biodiesel), T100 indicates triacetin 100%, T4B96 represents triacetin 4% and diesel 89 96%; T8B92 designates triacetin 8% and biodiesel 92% and T10B90 symbolises triacetin 10% and biodiesel 90 90%. All blending percentages mentioned above were in volume basis. All measurements were conducted in 91 accordance with the ESC-13-mode protocol (Figure 3 ) and the specific time with loading condition is shown 92 in for all engine loads, the higher fuel-air equivalence ratios are observed at a lower engine speed. The results in The stoichiometric air-fuel ratio for different blends including neat biodiesel and neat diesel were calculated 154 and found to be in the range of 11.94-14.89 (Table 2 ). In the current investigation, the engine was run with 155 ESC 13-mode. Details of the engine operating conditions with no load to full load and three different speeds 156 of 1472 rpm, 1865 rpm and 2257 rpm are shown in Table 3 . The actual air-fuel ratios for diesel fuel were 157 ranged from 38 to 99 and for 6.02%, 10.93%, 12.25%, 13.57, 14.25% blends were in the ranges of 37-91, 36- 
Correlation between fuel-air equivalence ratio and CO2 emissions 164 165
It is widely acknowledged that the more a fuel is burnt, the more the CO2 emissions are produced and thus, the maximum and minimum fuel-air equivalence ratios were found to be 0.32 and 0.13 respectively, Where, k1, k2 and k3 are the forward reactions rate constants.
202
The thermal NOx is increased at higher temperatures generally higher than 1100C. Thus, the reduction in Compared to the reference diesel (0% oxygen), a 6.02% oxygenated blend shows a 2.32% higher NO 259 emissions, while 10.93%, 12.25%. 13.57% and 14.23% blends show 6.0%, 6.2%, 6.45% and 8.60% higher 260 NO emissions respectively. for a 13-mode test cycle weighted with factors in accordance with ESC 13-mode protocol shown in Table 3 .
279
It is clearly evident that the PM emissions are lower for oxygenated blends compared to those of the reference 280 diesel. The PM reductions are found to be higher with higher fuel-borne oxygen in the blends. The reductions 281 in PM emissions with five oxygenated blends can be seen in Figure 7( Fuel-borne oxygen the chronological order of 0%, 6.02%, 10.93%, 12.25%, 13.57% and 14.23%. Figure 8( the six fuels, followed by the oxygenated blends in the order of 6.02%; 10.93%; 12.25%; 13.57% and 14.23%.
333
The oxygenated blends produce significantly lower PM emissions compared to those of the reference diesel, 334 especially 14.23% blend reduced PM emissions remarkably to a lower level while higher NO emissions were 335 realized with the oxygenated blends. The correlation coefficient (R 2 ) between PM-NO is found to be 0.9258. Sp PN emissions (#/kWh) 0% 6.02% 10.93% 12.25% 13.57% 14.23%
UBHC emissions 363
The UBHC is also a diesel engine pollutant produced from over rich fuel mixtures. The UBHC amount in the (Table 2) . Thus, the UBHC reductions with triacetin-biodiesel blends (12.25%, 13.57% and 14.23%) are less Figure 14 shows the engine brake power for the reference diesel and five oxygenated blends. As can be seen, 406 brake power is higher for the higher engine loads. As expected that all oxygenated blends show less power 407 than that of the reference diesel due to the fact of lower heating values of the oxygenated blends (Table 2) . with the oxygenated blends could be the higher viscosity, density and the interaction between fuel and air. pressures over the entire modes. This is due to the fact of lower energy (heating value) of oxygenated blends.
430
The result of peak pressure is consistent with that of boost pressure (Figure 17 ) with the same fuels and same 431 engine operating conditions. Figure 18 exhibits the rate of maximum pressure rise for the same five fuels 12.3% 13.6%
